Thermal expansion was determined for two series of ternary compounds, Ba 8 M x Ge 46−x and Ba 8 M x Si 46−x , with M = Cu, Zn, Pd, Ag, Cd, Pt, and Au and for several quaternary compounds for which we investigated the influence of substitution by Zn/Ni in Ba 8 Zn x Ge 46−x as well as the dependence of thermal expansion on the Si/Ge ratio in Ba 8 Cu 5 Si x Ge 41−x . In the temperature range from 4.2 to 300 K the thermal expansion of all ternary compounds was measured with a capacitance dilatometer, whereas from 300 to 700 K for several selected samples a dynamic mechanical analyzer was employed. The low temperature data compare well with the lattice parameters of single crystals, gained from measurements at three different temperatures ͑100, 200, and 300 K͒. For a quantitative description of thermal expansion the semiclassical model of Mukherjee et al. ͓Phys. Rev. Lett. 76, 1876 ͑1996͔͒ was used, which also provided reliable accurate values of the Debye and Einstein temperatures. Results in this respect show good agreement with the corresponding data derived from temperature dependent x-ray diffraction and specific heat measurements. Furthermore the present paper is a comprehensive collection and discussion of all thermal expansion data of intermetallic type-I-clathrate materials so far available in the literature including our results of thermal expansion measurements of the Ge-and Si-based type-I-clathrates listed above.
I. INTRODUCTION
Since the development of the phonon glass-electron crystal concept by Slack 1 in 1995 the interest on the application of inclusion compounds as thermoelectric ͑TE͒ materials significantly increased. Among high efficiency TE generator materials, skutterudites, and intermetallic clathrates are most promising candidates. Besides the TE figure of merit ZT= S 2 T / ͑here S is the Seebeck coefficient, T is the temperature, is the electrical resistivity, and is the thermal conductivity͒, which is the most important characteristic of such materials, mechanical properties and thermal expansion are equally important parameters affecting the applicability in TE generator devices. To warrant a flawless longterm and cyclic temperature performance of TE devices the thermal expansion of p-and n-legs and of the metal electrodes should not differ substantially.
To summarize all data available so far on the thermal expansion of clathrate-I compounds we performed a literature search up to 2010 in two electronic libraries, namely chemical abstracts service and INSPEC ͑ISI Web of Knowledge͒. Besides the publications, in which thermal expansion coefficients were directly reported, thermal expansion for various cases was derived from temperature dependent lattice parameters.
II. EXPERIMENTAL DETAILS
Samples of the series Ba 8 Phase purity of all samples was checked by electron probe microanalysis and XPD ͓x-ray powder diffraction Rietveld refinement using the program FULLPROF ͑Ref. 12͔͒. Precise lattice parameters at room temperature were obtained from Guinier x-ray diffraction data, applying Cu K ␣1 radiation and using Ge or Si as an internal standard. Only a few samples showed small amounts of impurity phases of less than 2 mass %.
Thermal expansion measurements in the range from 4.2 to 300 K were performed using a miniature capacitance dilatometer, based on the tilted plate technique. A detailed description of this instrument can be found in Ref. 13 . The thermal expansion in the temperature range from 300 to 700 K was measured using a dynamic mechanical analyzer I. Lattice parameters at room temperature ͑RT͒ and thermal expansion coefficients ͑␣͒ of Si-, Ge-, and Sn-based type-I-clathrate compounds. ͓XLP--calculated from x-ray powder diffraction data, NLP--calculated from neutron powder diffraction data, DM--calculated from dilatometer measurement, XSCLP--calculated from single crystal x-ray diffraction data, NSCLP--calculated from single crystal neutron diffraction data, and "a" denotes this work. For Ba 8 DMA7 of Perkin Elmer Inc. A quartz rod is positioned on top of the parallelepiped-shaped sample and data are acquired using the thermodilatometric analysis ͑TDA͒. This method is often referred to as zero force thermomechanical analysis. During the TDA-measurement the length change of the sample caused by a temperature change is recorded via electromagnetic inductive coupling without using any force. The resolution of the length change achieved by the TDA method is better than 10 nm. [14] [15] [16] [17] The resolution of the tilted plate capacitance dilatometer is 1 ϫ 10 −7 in ⌬l / l 0 . The error bar for the data gained from low temperature capacitance measurements is smaller than 3%. The reproducibility between two measurements is in the same range. Thermal expansion of the samples Ba 8 Cu 5 Si x Ge 41−x was extracted from the lattice parameters of single crystal measurements at 100, 200, and 300 K. Figures 1-3 show the thermal expansion ͑⌬l / l 0 ͒ of all samples measured with the capacitance dilatometer in the temperature range 4.2-300 K. The ⌬l / l 0 values for both groups of compounds, Ge-and Si-based clathrates, increase almost linearly with temperature from 150 to 300 K. Gebased clathrates show a significantly larger thermal expansion as compared to the Si-compounds indicating strong Si-Si bonds in the framework. With a rather high length change of 0.18% the values for Ba 8 Zn 7 Si 39 deviate from the general behavior of the Si-based clathrates characterized by a total length change of ϳ0.15% ͑see Fig. 2͒ . In both series the Pd-and Pt-containing samples exhibit the smallest thermal expansion. This behavior may be correlated with the distinct tendency of these transition elements ͑Pd, Pt͒ to fill the vacant 6d-positions of the binary Ba 8 ᮀ 3 Ge 43 framework ͑ᮀ stands for a vacancy͒ before substituting for the group-IVelement in the 24 k-position ͑see Fig. 4͒ . Approaching the end of the d-electron series this tendency fades and in case of the Zn-and Cd-containing compounds both mechanisms, filling of vacancies and framework substitution, are contributing in almost equal parts. In accordance with strong Si-Si bonds in the framework an increasing Si-content significantly decreases the thermal expansion for the series Ba 8 Cu 5 Si x Ge 41−x with x = 0, 6, 18, and 41 ͑see Fig. 5͒ . Table I summarizes the linear thermal expansion coefficients for all measured samples in comparison to literature data. Linear thermal expansion coefficients are calculated for the temperature region from 150 to 300 K according to the temperature derivative of the length change, i.e.,
III. RESULTS AND DISCUSSION
where T is the temperature and l is the length of the sample. In general, the linear thermal expansion coefficients of the alloys determined within this work differ significantly between the Ge-and Si-series, but data from the literature show a wide scatter even for samples with the same nominal composition. This can be attributed to the fact, that these linear thermal expansion coefficients were extracted out of different temperature ranges as well as different measuring techniques. For example, the evaluation of the data for Sr 8 Ga 16 Ge 30 , as presented in Ref. 28 , demonstrates that ␣ varies strongly when lattice parameters are taken either from powder neutron diffraction or single crystal neutron diffraction. For Ba 8 Zn x Ge 46−x−y ᮀ y we found that also slight differences in the composition can lead to a change in thermal expansion. In case of the Sn-based clathrates the values of ␣ change dramatically from high temperature data to low temperature data. The thermal expansion coefficients of the inverse Sn-clathrates compare well with the values of the polyanionic Sn-containing compounds gained from measurements below 300 K. 
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Falmbigl et al. J. Appl. Phys. 108, 043529 ͑2010͒ Figure 6 documents that our TDA-measurements within the temperature range 300-700 K fit exceptionally well to those below room temperature. While for the Ge-based clathrates the thermal expansion coefficients are almost constant in the two temperature regions, ␣ increases for the Si-based compounds in the high temperature range.
Employing precise lattice constants of XPD at room temperature as well as lattice constants derived from temperature-dependent single crystal x-ray diffraction 2-4,7-9 allows us to convert the thermal expansion data into lattice parameters ͑see Figs. 7 and 8͒. We found a good agreement among these methods, although there is a general trend that single crystal x-ray data reveal slightly smaller lattice constants at lower temperatures in contrast to the capacitance dilatometric measurements. Interestingly also in Ref. 28 the single crystal values are below the values gained from powder diffraction.
The temperature dependent lattice parameters for all literature data hitherto available for Si-, Ge-, and Sn-based type-I clathrates are shown in Fig. 9 . The thermal expansion coefficients ␣ listed in Table I are calculated using
where a is the lattice parameter, T is the temperature, and
To analyze the thermal expansion as a function of temperature in the temperature range from 4.2 to 300 K we applied a semiclassical treatment developed by Mukherjee et al., 37 which takes into account three-and four-phonon interactions considering an anharmonic potential and employs the Debye model for the acoustic phonons and the Einstein approximation for the optical modes. Accordingly the length change ⌬l / l 0 is given by
͑3͒
Here ␥ is the electronic contribution to the average lattice displacement, D is the Debye temperature, E is the Einstein temperature, and p is the average number of phonon branches actually excited over the temperature range. G, F, c, g, and f are further material dependent constants. Leastsquares fits to the experimental data were performed to extract Debye and Einstein temperatures. In Figs. 10 and 11 selected fits to the measured data are presented. In general, the theoretically calculated temperature dependent thermal expansion matches better the experimentally derived data of the Ge-series than those of the Si-series.
In Table II all D -and E -values of the fits are listed and compared to literature values extracted from several other measuring techniques, like heat capacity, thermal conductivity, and atomic displacement parameter ͑ADP͒ investigations. In most cases the data are in very good agreement. In Fig. 12 we listed all thermal expansion coefficients. In case of Na 8 Si 46 ͑Ref. 20͒ the ␣ at 300 K is given in literature gained from a third-order polynomial fit ͑␣ =20 ϫ 10 −6 K −1 ͒, but when we perform a linear fit to their data between 140-300 K we find a more reasonable thermal expansion coefficient of 11.96ϫ 10 
IV. CONCLUSIONS
In this paper we present a comprehensive summary of thermal expansion data on semiconducting type-I-clathrates. The new data evaluated within this work are compared not only to the results of temperature dependent single crystal x-ray measurements for the same compounds but also to all data hitherto available in the literature. As expected from the lower bonding energy of Ge-Ge bonds in comparison to Si-Si bonds, the thermal expansion coefficients ␣ of the Geclathrates are significantly larger than those of the Siclathrates. The Sn-based clathrate compounds, however, show thermal expansion coefficients akin to those of Geclathrates ͑Fig. 12͒. In spite of these general findings from Table I and Fig. 12 it is obvious that the resulting thermal expansion coefficients can differ substantially depending on the measuring technique and the temperature range.
The results for Ba 8 Zn x Ge 46−x−y ᮀ y with Zn-content changing from x = 2.1 to 7.7 clearly showed that a higher amount of substitutions within the clathrate framework leads to a higher thermal expansion. 
